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An angular orrelation theory for double photoionization
in a rare gas atom
Dipankar Chattarji and Chiranjib Sur
Department of Physis, Visva Bharati, Santiniketan 731 235, INDIA
We onsider the proess of double photoionization (DPI) in a rare gas atom as a two-step proess, namely (i) photoion-
ization in an inner shell followed by (ii) the emission of an Auger eletron from an outer shell. An angular orrelation
funtion for the two emitted eletrons is dened by analogy with the theory of angular orrelation in nulear physis. An
expression is obtained for this angular orrelation funtion by a statistial method whih makes use of the density and
eieny operators. The latter takes are of the attenuation of the probability of detetion of an eletrons due to the
geometrial properties of the detetor. Theoretial values of the angular orrelation funtion are obtained for DPI in xenon
and these are shown to be in good agreement with the experimental results given by Ka¨mmerling and Shmidt [14℄.
PACS No : 32.80.H, 32.80.F, 03.65.T,79.20.F
1 Introdution
The theory of angular orrelation was originally formulated in nulear physis. This was done for two possible kinds of
phyial situation.
(i) Angular orrelation of suessive nulear radiations emitted by a radioative nulear speies, e.g. a γ − γ asade.
(ii) Angular orrelation of suessive nulear radiations resulting from the more general ase of a nulear sattering
proess.
The earliest paper on this subjet was written by Hamilton [1℄ for the ase of a γ − γ asade. Later on, Gardner [2℄
wrote down the angular orrelation funtion using the wave funtions of the states ourring in a asade deay. Raah
[3℄ obtained thereafter a simple expression for the angular orrelation funtion in terms of the angle between the diretions
of emission of two suessive radiations emitted by a nuleus. He did not worry about the history of this nuleus, and his
theory held regardless of whether the emitted radiations onsisted of bosons or fermions. Subsequently, Biedenharn and
Rose [4℄ extended Raah's work to give a general form of the angular orrelation funtion for suessive nulear radiations.
About the same time, Coester and Jauh [5℄ gave a theory in the more general ontext of nulear reations. Their paper
gives a derivation of the angular orrelation funtion whih brings out the statistial nature of the problem. Later, Devons
and Goldfarb [6℄ wrote a detailed review of angular orrelations up to that point.
In our problem a rare gas atom absorbs a photon having speied properties i.e. energy, spin et. As a result, the atom
emits a photo-eletron giving rise to a singly harged ion. This ion now de-exites by emitting an Auger eletron. This
yields a doubly harged residual ion.
Note two basi features of this problem.
(i) The initial atomi state is randomly oriented ( an improper state or Gemish).
(ii) Only limited information is available about the emitted eletrons, usually their diretions of motion.
The density matrix or statistial matrix ρ was introdued into quantum mehanis to provide for the disussion of just
suh a situation [7, 15℄. It forms an important ingredient of the nulear theory of angular orrelations. It will naturally
gure in our atomi theory of angular orrelations as well.
In setion 2 we shall try to onstrut an angular orrelation funtion for the atomi problem outlined above. This is
done in setion 2.1 using a statistial approah . In setion 3 we report our alulation for the xenon atom whih was
experimentally studied by Shmidt and his o-workers[14℄.
2 An angular orrelation theory for atoms : the double photoionization
problem
Double photoionization (DPI) ours when an atomi target onsisting of rare gas atoms is irradiated with photons from
an advaned light soure, e.g. a synhrotron, and an atom emits two eletrons in quik suession. In ase the time interval
between the emission of these two eletrons is very small, one ould think of DPI as a one-step proess. A onsiderable
amount of work has already been done on this [12,13℄. However, in ase the time interval between the suessive emission of
the two eletrons is substantially longer than the time taken by the photo-eletron to leave the interation zone, DPI may
be regarded as a two-step proess [11℄. This in its turn will depend on the energy imparted to the atomi system by the
inident photon.
1
We shall now try to onstrut a theory for the two-step proess desribed above, keeping in view the earlier work done
in nulear physis. Sine this is a two-step proess mediated by eletromagneti interation at two verties, we expet it
to be a seond order proess as ompared to normal photoionization (PI). Hene the probability of its ourrene will be
muh lower than that of PI, and its detetion will all for muh greater preision.
Consider a randomly oriented rare gas atom in a
1Se state. It absorbs a photon and after a ertain time interval emits
a photo-eletron from an inner shell, giving a single-vaany ioni state. This intermediate ioni state now de-exites by
emitting an Auger eletron, typially from an outer shell, giving rise to a two-vaany nal state [11℄.
So our proess amounts to
hν +A −→ A+ + e−1 −→ A++ + e−1 + e−2 . (1)
The initial state of our system is haraterized by the set of quantum numbers (JaMaαa), or by virtual quantum numbers
(J ′aM
′
aα
′
a) arising from possible interation with other atoms and eletrons. Here (JaMa) or (J
′
aM
′
a) are angular momentum
quantum numbers, and αa, α
′
a denote the set of remaining quantum numbers haraterizing the system.
We wish to obtain an angular orrelation funtion for the two emitted eletrons in terms of the angle θ between their
diretions of emission.
2.1 The method of eieny and density operators
We now approah the problem of angular orrelation from a statistial standpoint. We note that there is a ertain probability
for the atom to attain the nal state given above. This is desribed by the appropriate matrix element of the density or
statistial operator ρ as dened in the literature [7,8℄. Now, even if the atom goes over to the nal state, beause of the
nite size of our deteting equipment and other limiting fators, this event may or may not be deteted. There is thus a
ertain probability ǫ (0 ≤ ǫ ≤ 1) that the event will be deteted. This probability is represented by the eieny operator
ε whih will depend on the size, position and geometrial arrangement of the deteting equipment.
Now, how does the angular orrelation funtion relate to the operators ρ and ε? We shall try to answer this question in
the following manner. We start out by dening
ε =
∑
Q
εQ 〈Q| ρ |Q〉
=
∑
Q
εQρQQ
= Tr(ερ) .
(2)
Here εQ is the eieny or probability of detetion of the state desribed by quantum numbers Q, and ρQQ the probability
of the system being in the partiular state Q.
From the elements of statistial mehanis, we know that ε is the expetation value ( or average value) of the eieny
operator ε [8℄. We shall presently see that the angular orrelation funtion is simply related to ε.
Sine ε is the trae of a matrix it is invariant under a unitary transformation in Hilbert spae.
We now ask the question : what are the transformation properties of the matries ε and ρ as we go from one unitary
representation to another? It is easily seen that ε and ρ are tensor operators. Hene they are also alled the eieny and
density (or statistial) tensors respetively [5℄. The fat that ε and ρ are both tensor operators makes them amenable to
further analysis.
Sine the initial atomi system is randomly oriented, we have rotational symmetry and angular momentum is onserved.
Hene our state vetors are eigenvetors of J2and Jz . In suh a ase the matrix elements of a tensor operator have a simple
geometri dependene on the magneti quantum numbers. This is given by the Wigner-Ekart theorem.
Using this theorem we write the matrix element of the density operator as
〈JaMaαa| ρ
∣∣J ′aM ′aα′a〉 = ∑
kaκa
(−1)J′a−M′aCJaJ′aka
MaM
′
aκa
ρkaκa(Jaαa, J
′
aα
′
a), (3)
where ka = Ja + Ja
′
and κa is the projetion of ka.
Similarly, the matrix element of the eieny operator is given by
〈JaMaαa| ε
∣∣J ′aM ′aα′a〉 = ∑
kaκa
(−1)J′a−M′aCJaJ′aka
MaM
′
aκa
εkaκa(Jaαa, J
′
aα
′
a). (4)
Using the unitarity property of Clebsh-Gordan oeients we get the density tensor of rank ka with (2ka+1) omponents
ρkaκa(Jaαa, J
′
aα
′
a) =
∑
MaM
′
a
(−1)Ma−M′aCJaJ
′
aka
MaM
′
aκa
〈JaMaαa| ρ
∣∣J ′aM ′aα′a〉 . (5)
A similar expression an be obtained for the omponents of the eieny tensor.
So the expetation value of ε beomes
ε = Tr(ερ) =
∑
JaJ
′
aαaα
′
akaκa
ρkaκa(Jaαa, J
′
aα
′
a)ε
⋆
kaκa(Jaαa, J
′
aα
′
a). (6)
Our hoie of phase [17℄ ensures that ρkaκa is a Hermitian tensor. It satises the relation
2
ρ
⋆
kaκa(Jaαa, J
′
aα
′
a) = (−1)J
′
a−Ja+κaρka−κa(J
′
aα
′
a, Jaαa). (7)
Some simpliation yields the result
ρkaκa(Jaαa, J
′
aα
′
a) =
δka0δκa0δJaJ′a√
2Ja + 1
〈Jc‖ j2 ‖Jb〉 〈Jc‖ j′2 ‖Jb〉⋆ 〈Jb‖ j1 ‖Ja〉 〈Jb‖ j′1 ‖Ja〉⋆ . (8)
The rst deay, namely the photoionization proess, is haraterized by the relation
Ja = Jb + j1. (9)
Sine the detetion of the photo-eletron and that of the singly harged ion are independent events, the joint probability of
their detetion is given by the produt of the individual probabilities. Hene we an write
〈JaMaαa| ε |J ′aM ′aα′a〉 =
∑ 〈JbMbαb| ε |J ′bM ′bα′b〉 〈j1µ1| ε |j′1µ′1〉
×C⋆Jbj1JaMbµ1MaC
Jbj
′
1
J′a
M′
b
µ′
1
M′a
.
(10)
Here (JbMb), (J
′
bM
′
b) desribe the intermediate state and αb, α
′
b denote the remaining quantum numbers. The summation
in Eq. (10) extends over MbM
′
bµ1µ
′
1.
Then
εkaκa(Jaαa, J
′
aα
′
a) =
∑
k1κ1kbκb
εkbκb(Jbαb, J
′
bα
′
b)εk1κ1(j1j
′
1)
×C⋆kbk1kaκbκ1κa
√
2Ja + 1
√
2J ′a + 1
√
2kb + 1
√
2k1 + 1
{
Jb j1 Ja
J ′b j
′
1 J
′
a
kb k1 ka
}
,
(11)
with the relations
Ja = Jb + j1 , ka = Ja + Ja
′
, kb = Jb + Jb
′
and k1 = j1 + j1
′
.
Sine the intermediate singly ionized state deays into a residual doubly ionized atom and an Auger eletron, we an fatorise
the eieny operator of the singly ionized atom in terms of the eieny operators of the residual doubly ionized atom
and the Auger eletron.
Sine the residual doubly ionized atom is left in a sharp eigenstate with the quantum number Jc and no further
measurement is made on it, we get the eieny operator
εkcκc(Jcαc, J
′
cα
′
c) =
√
2Jc + 1δkc0δκc0δJcJ′cδαcα′c . (12)
A matrix element of the eieny operator for eah eletron has the form
εkiκi(jij
′
i) =
∑
µiµi′
(−1)ji−j′iCjij
′
i
ki
µi−µ
′
i
κi
〈jiµi| ε |j′iµ′i〉
=
∑
µiµ
′
i
σiσ
′
i
(−1)j′i−µ′iCjij
′
i
ki
µi−µ
′
i
κi
〈jiµi |Ωiσi〉
× 〈σi| ε |σ′i〉 〈Ωiσ′i |j′iµ′i〉 ,
(13)
with i = 1, 2. i = 1 denotes the photo-eletron and i = 2 the Auger eletron.
Using the axis of the detetor as the quantization axis for eah deteted eletron, we get
〈Ωiσi |jiµi〉 =
∑
κi
〈0σi |jiκi〉Dji⋆µiκi(ℜi). (14)
D(ℜi) is the orresponding rotation matrix for the ith eletron.
Then Eq. (13) beomes
εkiκi(jij
′
i) =
∑
κ′
i
ckiκ′i
(jij
′
i)D
ki⋆
κiκ
′
i
(ℜi), (15)
where
ckiκi(jij
′
i) = ℑ
∑
µiµ′i
(−1)j′i−µ′i 〈0σi |jiµi〉⋆
×〈0σ′i |j′iµ′i〉Cjij
′
i
ki
µi−µ
′
i
κi
× 〈σi| ε |σ′i〉 .
(16)
The symbol ℑ represents a summation over the spin of the emitted eletrons and depends on the harateristis of the
detetor. We now take the summation ℑf(σσ′) to be equivalent to ∑ 〈σ| ε |σ′〉 f(σσ′) .
Making use of properties of Clebsh-Gordan oeients and 9 − j symbols, and also using the additivity of rotation
matries [17℄ ∑
ν
Dkνκ1(ℜ1)Dk⋆νκ2 (ℜ2) =
∑
ν
Dkνκ1 (ℜ1)Dkκ2ν(ℜ−12 )
= Dkκ2κ1(ℜ−12 ℜ1),
(17)
we get
3
ε = (2Jb + 1)(−)Ja+Jc−2Jb
∑
(−1)k−j1−j2w(JbJ ′bj1j′1, kJa)
×w(JbJ ′bj2j′2, kJc)ckκ1(j′1j1)c⋆kκ2(j2j′2)Dkκ1κ2(θ1θ2θ3)
×〈Jc‖ j2 ‖Jb〉 〈Jc‖ j′2 ‖Jb〉⋆ 〈Jb‖ j1 ‖Ja〉 〈Jb‖ j′1 ‖Ja〉⋆ .
(18)
In Eq. (18) the summation is over j1, j
′
1, j2, j
′
2, k, κ1 andκ2 .
If the eletrons are unpolarized, or if the detetors are insensitive to polarization, κ1 = κ2 = 0 and D
k
00(θ1θ2θ3) =
Pk(cosθ2) . We now identify the angle θ2 with θ, the angle between the diretions of emission of the photo-eletron and the
Auger eletron.
From the Hermitian harater of the eieny and density matries, it follows that
ckκ(jj
′) = (−1)κc⋆kκ(j′j). (19)
For our ase κ1 = κ2 = 0, and
ck0(jj
′) =
√
2j + 1
√
2j′ + 1
4π
(−1)j− 12+kCjj′k1
2
−
1
2
0
. (20)
We an thus write,
ε = (−1)Ja+Jc−2Jb√2Jb + 1
∑
k
(−1)k−j1−j2w(JbJ ′bj1j′1, kJa)
×w(JbJ ′bj2j′2, kJc) 〈Jc‖ j2 ‖Jb〉 〈Jc‖ j′2 ‖Jb〉⋆
×〈Jb‖ j1 ‖Ja〉 〈Jb‖ j′1 ‖Ja〉⋆ ck0(j1j′1)c⋆k0(j2j′2)Pk(cosθ).
(21)
Here k is an even integer ranging from 0 to kmax, kmax being dened as follows. Let
{
{j1 + j′1}max , {j2 + j′2}max
}
min
= p.
Then kmax = p if p is even and kmax = p− 1 if p is odd.
We now express 〈Jc‖ j2 ‖Jb〉 in terms of 〈Jb‖ j2 ‖Jc〉 . Though the redued matrix elements are neither real nor Hermitian,
it happens that
√
2Jb + 1 〈Ja‖ j ‖Jb〉 = (−1)Ja−j+Jb
√
2Ja + 1 〈Jb‖ j ‖Ja〉⋆ . (22)
This gives
ε =
∑
k
(−1)j1+j2ck0(j1j′1)c⋆k0(j2j′2)
×〈Jc‖ j2 ‖Jb〉 〈Jc‖ j′2 ‖Jb〉⋆ 〈Jb‖ j1 ‖Ja〉 〈Jb‖ j′1 ‖Ja〉⋆
×w(JbJ ′bj1j′1, kJa)w(JbJ ′bj2j′2, kJc)Pk(cosθ).
(23)
If the nite size of the detetor is taken into aount, the eieny of detetion desribed by the matrix element of the
eieny operator must be hanged slightly. Then we have to introdue zk as the attenuation fator due to the nite size
of the detetor. We assume the detetor to be axially symmetri [10,16℄. The eieny tensor desribed by Eq.(15) is now
written as
εkiκi(jij
′
i) =
∑
κ′
i
zkickiκ′i
(jij
′
i)D
ki⋆
κiκ
′
i
(ℜi). (24)
So the expetation value in our ase beomes
ε =
∑
k
zk(1)kzk(2)(−1)j1+j2ck0(j1j′1)c⋆k0(j2j′2)
×〈Jc‖ j2 ‖Jb〉 〈Jc‖ j′2 ‖Jb〉⋆ 〈Jb‖ j1 ‖Ja〉 〈Jb‖ j′1 ‖Ja〉⋆
×w(JbJ ′bj1j′1, kJa)w(JbJ ′bj2j′2, kJc)Pk(cosθ).
(25)
Note that the θ dependene of ε is ontained in the funtion
W (θ) =
∑
k
zk(1)kzk(2)(−1)j1+j2ck0(j1j′1)c⋆k0(j2j′2)
×w(JbJ ′bj1j′1, kJa)w(JbJ ′bj2j′2, kJc)Pk(cosθ). (26)
We now deneW (θ) to be the angular orrelation funtion for the two emitted eletrons where θ is the angular separation
between their diretions of emission [9℄. It is lear that angular orrelation between the diretions of emission of the photo-
eletron and the Auger eletron is a diret manifestation of the eieny of the observing equipment. In setion 3 we shall see
that the angular orrelation funtion so dened agrees losely with the measured angular orrelation in the DPI experiments
on xenon [14℄. This onrms that the observing equipment does play a role, introduing an element of probability whih
nds expression in the angular orrelation funtion.
This denition will have to be modied if it is possible for the photo-eletron to be emitted into more than one angular
momentum hannels. In setion 3 we shall see how this modiation an be made.
Note that Eq.(26) holds formally not only for double photoionization in atoms, but generally for two-step angular
orrelation experiments involving either fermions or bosons.
4
3 Calulation and results
We onsider the problem of DPI in xenon. Neutral xenon atoms are irradiated with a photon beam of energy 94.5 eV . This
leads to photo-ionization in the 4d5/2 shell followed by an N5 −O2,3O2,3 1S0 Auger deay. Using the dipole approximation
the possible photoionization hannels are e)4d5/2 −→ ǫpf7/2 , f)4d5/2 −→ ǫpf5/2 and g)4d5/2 −→ ǫpp3/2 respetively. The
Auger transition is haraterized by only one partial wave ǫAd5/2[18℄. These transitions are governed by the orresponding
seletion rules for photoionization and Auger transitions.
Sine the initial photoionization proess is not haraterized by a single angular momentum quantum number but by
angular momentum quantum numbers orresponding to three possible hannels, the angular orrelation funtion desribed
in setion 2.1 above will be modied. The total intensity will, however, remain unhanged. If the photoionization hannels
are desribed by the total angular momentum quantum numbers je1 , j
f
1 and j
g
1 and the Auger eletron by j2, then the
expetation value of the eieny operator beomes
ε(θ) = εe(θ) + εf (θ) + εg(θ) + εef (θ) + εfg(θ) + εge(θ) . (27)
Here
εe(θ) =
∑
k
zk(1)zk(2)(−1)je1+j2ck0(je1je1)c⋆k0(j2j2)
× |〈Jc‖ j2 ‖Jb〉|2 |〈Ja‖ je1 ‖Jb〉|2
×w(JbJbje1je1 , kJa)w(JbJbj2j2, kJc)Pk(cosθ).
(28)
The expetation values εf (θ) and εg(θ) have the same form with j
e
1 −→ jf1 and je1 −→ jg1 respetively. The quantity εij(θ)
is an interferene term arising from interation between photoionization hannels i and j (i, j = e, f, g with i 6= j) .
εef (θ) =
∑
k
zk(1)zk(2)(−1)j2 |〈Jc‖ j2 ‖Jb〉|2 〈Ja‖ je1 ‖Jb〉 〈Ja‖ jf1 ‖Jb〉
×[(−1)je1 ck0(je1jf1 ) + (−1)j
f
1 ck0(j
f
1 j
e
1)]c
⋆
k0(j2j2)
×w(JbJbje1jf1 , kJa)w(JbJbj2j2, kJc)Pk(cosθ),
(29)
εfg(θ) =
∑
k
zk(1)zk(2)(−)j2 |〈Jc‖ j2 ‖Jb〉|2 〈Ja‖ jf1 ‖Jb〉 〈Ja‖ jg1 ‖Jb〉
×[(−1)jf1 ck0(jf1 jg1 ) + (−1)j
g
1 ck0(j
g
1 j
f
1 )]c
⋆
k0(j2j2)
×w(JbJbjg1 jf1 , kJa)w(JbJbj2j2, kJc)Pk(cosθ)
(30)
and
εge(θ) =
∑
k
zk(1)zk(2)(−1)j2 |〈Jc‖ j2 ‖Jb〉|2 〈Ja‖ jg1 ‖Jb〉 〈Ja‖ je1 ‖Jb〉
×[(−1)je1 ck0(je1jg1 ) + (−1)j
g
1 ck0(j
g
1 j
e
1)]c
⋆
k0(j2j2)
×w(JbJbje1jg1 , kJa)w(JbJbj2j2, kJc)Pk(cosθ).
(31)
In εe(θ) ,εf (θ) and εg(θ) k is the smallest even integer of the sets {2je1 , 2j2, 2Jb},
{
2jf1 , 2j2, 2Jb
}
and {2jg1 , 2j2, 2Jb} respe-
tively. In εef (θ), εfg(θ) and εge(θ) k is the smallest even integer (k 6= 0) of the sets
{
je1 + j
f
1 , 2j2, 2Jb
}
,
{
j
f
1 + j
g
1 , 2j2, 2Jb
}
and {je1 + jg1 , 2j2, 2Jb} respetively.
We an now write
ε(θ) = |〈Jc‖ j2 ‖Jb〉|2
[
ωe(θ) + δ
2
1ωf (θ) + δ
2
2ωg(θ) + δ1ωef (θ) + δ2ωfg(θ) + δ1δ2ωge(θ)
]
, (32)
where
δ1 =
〈Ja‖ jf1 ‖Jb〉
〈Ja‖ je1 ‖Jb〉
and δ2 =
〈Ja‖ jg1 ‖Jb〉
〈Ja‖ je1 ‖Jb〉
. (33)
Here
ωe(θ) =
∑
k
zk(1)zk(2)(−1)je1+j2ck0(je1je1)c⋆k0(j2j2)
×w(JbJbje1je1 , kJa)w(JbJbj2j2, kJc)Pk(cosθ), (34)
ωf (θ) and ωg(θ) have the same form with j
e
1 −→ jf1 and je1 −→ jg1 respetively.
And
ωef (θ) =
∑
zk(1)zk(2)(−1)j2 [(−1)je1 ck0(je1jf1 ) + (−1)j
f
1 ck0(j
f
1 j
e
1)]c
⋆
k0(j2j2)
×w(JbJbje1jf1 , kJa)w(JbJbj2j2, kJc)Pk(cosθ),
(35)
ωfg(θ) =
∑
k
zk(1)zk(2)(−1)j2 [(−1)j
f
1 ck0(j
f
1 j
g
1 ) + (−1)j
g
1 ck0(j
g
1 j
f
1 )]c
⋆
k0(j2j2)
×w(JbJbjg1 jf1 , kJa)w(JbJbj2j2, kJc)Pk(cosθ)
(36)
and
ωge(θ) =
∑
k
zk(1)zk(2)(−1)j2 [(−1)je1 ck0(je1jg1 ) + (−1)j
g
1 ck0(j
g
1 j
e
1)]c
⋆
k0(j2j2)
×w(JbJbje1jg1 , kJa)w(JbJbj2j2, kJc)Pk(cosθ).
(37)
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The parameters δ1 and δ2 an be determined uniquely by omparison with experiment[6℄.
Writing out the expression (32) in terms of Legendre polynomials, we get
ε(θ) = ℵ [a0 + a2P2(cosθ) + a4P4(cosθ)] . (38)
Here
ℵ = |〈Jc‖ j2 ‖Jb〉|2 |〈Ja‖ je1 ‖Jb〉|2 ,
and the oeients are a0 = z0(1)z0(2)(1+δ
2
1+δ
2
2) , a2 = z2(1)z2(2)(1.0204+0.751δ
2
1 +0.8δ
2
2+0.269δ2+0.311δ1+0.733δ1δ2)
and a4 = z4(1)z4(2)(0.5510 − 0.122δ21).
This gives,
ε = ℵ′ [1 + b2P2(cosθ) + b4P4(cosθ)] , (39)
where b2 =
a2
a0
= 0.760, b4 =
a4
a0
= 0.042 and ℵ′ = ℵa0 = |〈Jc‖ j2 ‖Jb〉|2 |〈Ja‖ je1 ‖Jb〉|2 a0.
We now dene the angular orrelation funtion for this ase of hannel mixing by writing
W (θ) = [1 + b2P2(cosθ) + b4P4(cosθ)] . (40)
Figure 1 gives the results of omparison between our theoretial values and the experimental values[14℄. It will be seen that
our polar plot of W (θ) agrees quite losely with that given by Ka¨mmerling and Shmidt [14℄ exept for a small dierene
in the region around θ = 0 degree and θ = 180 degree.
By using sattering theory with the appropriate boundary onditions, it is possible to obtain δ1 and δ2 without reourse
to the experimental urves. This in its turn should give not only a0, but also b2 and b4. This is the way our theory an be
used to predit the value of the angular orrelation funtion at any required angle. This would make our theory autonomous.
In the absene of multihannel interation, δ1 = δ2 = 0, Eq.(40) redues to Eq.(26).
The expetation value ε turns out to be the produt of a normalization fator depending on the redued matrix elements
and an angular fator. The simpliity of the latter is very striking. It seems as if the dynamial alulation involving the
radial matrix elements is redundant. Of ourse this is not true, beause to extrat dynamial properties of the system suh
as triply dierential ross setions (TDCS) we have to play with the normalizing fator. However, the very simpliity of the
result hinges on the fatorization of the problem into a dynamial part and an geometrial part depending on θ. This omes
from the use of Wigner-Ekart theorem, whih is a onsequene of the fat that we are dealing with the matrix elements of
tensor operators.
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4 Appendix A
The following is a desription of the notations used in this paper.
A : neutral rare gas atom whih undergoes double photoionization.
e−1 : photo-eletron.
e−2 : Auger eletron.
Ja, Jb,Jc : total angular momentum vetors of initial, intermediate and nal states of the rare gas atom respetively.
Ja, Jb, Jc : total angular momentum quantum numbers of initial, intermediate and nal states of the rare gas atom respe-
tively.
Ma,Mb,Mc : projetion quantum numbers for the initial, intermediate and nal states of the rare gas atoms respetively.
αa, αb, αc : other quantum numbers orresponding to initial, intermediate and nal state of the rare gas atoms respetively.
j1, j2 : total angular momentum vetors of the photo- and Auger eletrons respetively.
j1, j2 : total angular momentum quantum numbers of the photo- and Auger eletrons respetively.
µ1, µ2 : projetion quantum numbers orresponding to j1 and j2 respetively.
l1, l2 : orbital angular momentum quantum numbers of the photo- and Auger eletrons respetively.
s1, s2 : spin quantum numbers of the photo- and Auger eletrons respetively.
σ1, σ2 : spin projetions of the photo- and Auger eletrons respetively.
ρ : density operator.
ρkiκi : density or statistial tensor of rank ki with (2ki+1) omponents, κi being the projetion quantum number denoting
one omponent.
ε : eieny operator.
6
εkiκi : eieny tensor of rank ki with (2ki + 1) omponents, κi being the projetion quantum number denoting one
omponent.
ǫ : probability of detetion of any event.
〈Ji‖ j ‖Jf 〉 : a typial redued matrix element.
ε : expetation value of the eieny operator.
Ωi : angular diretion of the i th eletron.
w : Raah oeients.
Cj1j2jm1m2m : Clebsh-Gordan Coeient obeying the triangle rule ∆(j1j2j) and m1 +m2 = m.
ℑ : summation over all non-observed properties of the atom and the eletrons, e.g. spin states and harateristis of the
deteting equipment.
ckκ : Attenuation fators orresponding to the state of polarization.
zk(1) : attenuation fator due to the nite size of the detetor whih detets the photo-eletron.
zk(2) : attenuation fator due to the nite size of the detetor whih detets the Auger eletron.
ǫp : energy of the photo-eletron.
ǫA : energy of the Auger eletron.
All primed quantum numbers denote virtual states.
5 Referenes
1. D.R.Hamilton, Phys. Rev. 58, 122(1940).
2. J.W.Gardner, Pro. of the Phys. So.` A62,763-779(1949).
-Pro. of the Phys. So. A64,238-249(1951).
-Pro. of the Phys. So. A64,1136-1138(1951).
3. G.Raah, Phys. Rev. 84 , 910(1951).
4. L.C. Biedenharn and M.E.Rose, Rev. of Mod. Phys. 25, 729(1953).
5. F. Coester and J. M. Jauh, Helv. Phys. Ata 26, 3(1953).
6. S.Devons and L.J.B.Goldfarb, Angular Correlations, Enylopedia of Physis, Vol.42, 384(Edited by S.Flu¨gge, Springer,
Heidelberg, 1957).
7. K. Blum, Density Matrix Theory and Appliations (Plenum Press, New York, 1981).
8. D. ter Haar, Elements of Statistial Mehanis 150 (Holt, Reinhart and Winston, New York, 1960).
9. In referene [5℄ Coester and Jauh dened the angular orrelation funtion for two suessive nulear radiations as
the trae of ερ whih atually represents the expetation value of the eieny operator ε. Other authors [16℄ have
also used that denition. However, the trae of ερ happens to ontain a dynamial fator with dimension (energy)4
multiplying a funtion of the angle θ between the suessively emitted radiations. Our denition of the angular
orrelation funtion W (θ) drops this fator making it a kinematial quantity, as it should be.
10. M.E.Rose, Phys.Rev. 91, 610(1953).
11. D.Chattarji and C.Sur, J. El. Spe. and Rel. Ph. 114-116, 153(2001).
12. P. Selles et al, J.Phys.B 20, 5183(1987).
13. A.Huetz et al, J.Phys.B 24, 1917(1991).
14. B.Ka¨mmerling and V. Shmidt, J.Phys. B 26, 1141-1161(1991).
15. U.Fano, Phys. Rev. 90, 577(1953).
16. A.J.Ferguson, Angular Correlation Methods in Gamma-ray Spetrosopy, 16 (North-Holland, Amsterdam, 1965).
17. A.R.Edmonds, Angular Momentum in Quantum Mehanis, 100(Prineton Univ. Press, 1957).
18. D.Chattarji, The Theory of Auger Transitions (Aademi Press, London, 1976).
7
W ()
 = 0
Æ
 = 90
Æ
 = 270
Æ
 = 0
Æ
6
?
-
theory
exp









































































8
Fig 1: A polar plot of our angular orrelation funtion for DPI in Xenon is ompared with the experimental polar plot
given by Ka¨mmerling and Shmidt[14℄.
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